Radiopharmaceuticals represent excellent opportunities for targeted anticancer therapeutics.^[@ref1]^ Nuclei that emit α-particles, i.e., ^4^He^2+^, are especially attractive, since this type of decay travels only a short distance in biological tissue (\<100 μm) and deposits a large amount of energy en route (linear energy transfer ≈100 keV/μm, [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}).^[@ref2]^ The ^225^Ac isotope is particularly appealing for this purpose. It is a pure α-emitter with a decay chain that results in the biologically innocuous ^209^Bi isotope after proceeding through the release of two β- and four α-particles, the latter of which leave with an accumulated energy of 28 MeV ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). Despite the promising decay chain of ^225^Ac for targeted alpha therapy, a host of scientific and technological questions surrounding the production, purification, coordination chemistry, and biological delivery of this isotope remain unanswered.

![Nuclei that emit multiple α-particles, such as the ^225^Ac isotope, are desirable for targeted alpha therapy due to the short distance traveled in biological tissue and large energy transfer.](oc-2017-00074h_0001){#fig1}

From a chemical perspective, more fundamental solution phase data for Ac(III) complexes are needed, including enthalpies and entropies of hydration, preferred coordination numbers and molecular geometries, as well as reactivity-based data, like hard/soft acid--base characteristics and relative Lewis acidities. While the study of Ac spans more than a century,^[@ref3]^ the instability of even the element's longest-lived isotope (^227^Ac, *t*~1/2~ = 21.772(3) y) has hampered the study of Ac binding and speciation in aqueous media. This contrasts with most other elements, which have well-characterized interactions with water. Main group and first-row transition metals, for instance, tend to form homoleptic aqua ions, whereas many of the heavier transition metals generate oxo products and clusters. Even for the noble gases, hydration spheres for the more polarizable elements Ar, Kr, and Xe have been explored, with argon demonstrating some solubility in water.^[@ref4]^ The lanthanide aqua ions have also been well-characterized, forming a series of data that differ primarily as a function of the ionic radii of the ions.^[@ref5]^

For decades, it was thought that the actinides would mimic the behavior of the lanthanides,^[@ref3]^ but research over the past several years^[@ref6]−[@ref9]^ has revealed differences in bonding and coordination between these elements, indicating that the 4f^n^ Ln(III) ions are often a poor model for predicting the properties of the 5f^n^ An(III) ions.^[@ref9]^ Even within the actinide series, it is now well-established that the bonding and reactivity can vary dramatically across the row.^[@ref4],[@ref9]^ This difference formed the basis of a recent study by Batista, Kozimor, and co-workers from Los Alamos National Laboratory (LANL), wherein it was found that AcCl~3~ retains its chloride ligands in an 11 M HCl solution---a departure from the behavior of the transuranic species AmCl~3~, which forms a dicationic aquo complex.^[@ref10]^ The LANL group's study simultaneously reported the first bond length to Ac, providing a true landmark in the study of this element. This same team is now reporting for the first time the characterization of the Ac(III) aqua ion, a study that provides much-needed, fundamental data that will be useful in the development of chelating agents tailored to the specific size, shape, and Lewis acidity of Ac(III).^[@ref11]^

Before the Ac(III) aqua ion could be generated, a number of experimental challenges resulting from the high radioactivity of Ac had to be solved. Use of the more stable ^227^Ac isotope diminished the radiological hazard and increased the handling time of the samples. Still, the scarcity of ^227^Ac necessitated the use of microgram scale quantities of Ac. To aid the isolation of Ac from solution, the material was coprecipitated with Lu(III), yielding a solid mixture of Lu(OH)~3~ and Ac(OH)~3~. The products were then centrifuged and redissolved in dilute aqueous triflic acid, generating a solution of Lu(H~2~O)~*x*~^3+^ and Ac(H~2~O)~*x*~^3+^ suitable for extended X-ray absorption fine structure (EXAFS) spectroscopy and X-ray absorption near-edge structure (XANES) spectroscopy measurements ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). These techniques give element-specific information on the coordination environment surrounding the metal center, including the number, identity, and bond lengths of the metal's ligands.

![Actinium purification and XAFS sample preparation procedure. Reproduced with permission from ref ([@ref11]). Copyright 2017 American Chemical Society.](oc-2017-00074h_0002){#fig2}

The experimental Ac L~3~-edge EXAFS data were interpreted through models developed using molecular dynamics density functional theory (MD-DFT). The model surrounded a single Ac(III) ion with 64 water molecules and a uniform, neutralizing background charge. The coordination sphere of the metal ion was then tracked over 8 ps. The model calculated a narrow distribution of coordinated water molecules, finding 9 aquo ligands at an average distance of 2.7 Å. When the Ac(H~2~O)~8~^3+^ and Ac(H~2~O)~10~^3+^ complexes were inserted into the simulation, they quickly rearranged to Ac(H~2~O)~9~^3+^. The geometry of the Ac(H~2~O)~9~^3+^ model was then used to generate a calculated EXAFS spectrum, which fit the measured EXAFS data nicely. This similarity results from the good agreement between the predicted (2.61--2.76 Å) and measured (2.63(1) Å) Ac--O bond distances as well as the predicted and measured number of oxygen atoms within the primary coordination sphere of Ac(III). The large number of aquo ligands is consistent with the large atomic radius of the Ac(III) ion. Related solution-phase experiments on actinide (U--Cf) +3 ions find coordination numbers ranging from 7.0 to 10.3. In this case, a larger coordination number for Ac(III) may be expected due to the periodic trend toward larger ionic radii for the earlier actinides.

Looking forward, the supply of medical isotopes from facilities like LANL combines the unique capabilities of specialized equipment for producing, isolating, and handling radioactive materials with useful imaging and therapeutic applications. Production capabilities are now reaching a level where availability of the actinium 225 isotope is not the limiting factor that it has been historically. This increased availability provides the raw material needed by Batista, Kozimor, and their team of researchers to discover the fundamental properties of these underexplored and fascinating ions. Further work in the field will undoubtedly delineate the unique chemical properties of Ac, providing a means of targeting these potent radionuclides at some of the most intractable problems facing modern medicine.
